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Rationally Designed Donor—Acceptor Random Copolymers
with Optimized Complementary Light Absorption for

Highly Efficient All-Polymer Solar Cells

Sang Woo Kim, Joonhyeong Choi, Thi Thu Trang Bui, Changyeon Lee, Changsoon Cho,
Kwangmin Na, Jihye Jung, Chang Eun Song, Biwu Ma, Jung-Yong Lee, Won Suk Shin,*

and Bumjoon J. Kim*

Most of the high-performance all-polymer solar cells (all-PSCs) reported to
date are based on polymer donor and polymer acceptor pairs with largely
overlapped light absorption properties, which seriously limits the efficiency of
all-PSCs. This study reports the development of a series of random copolymer
donors possessing complementary light absorption with the naphthalenedi-
imide-based polymer acceptor P(NDI2HD-T2) for highly efficient all-PSCs. By
controlling the molar ratio of the electron-rich benzodithiophene (BDTT) and
electron-deficient fluorinated-thienothiophene (TT-F) units, a series of pol-
ymer donors with BDTT:TT-F ratios of 1:1 (P1), 3:1 (P2), 5:1 (P3), and 7:1 (P4)
are prepared. The synthetic control of polymer composition allows for precise
tuning of the light absorption properties of these new polymer donors, ena-
bling optimization of light absorption properties to complement those of the
P(NDI2HD-T2) acceptor. Copolymer P1 is found to be the optimal polymer

1. Introduction

Bulk heterojunction (BH]J)-type polymer
solar cells (PSCs) have become a promising
renewable energy technology that offers
great potential for utilization in upcoming
commercial devices owing to their light-
weight, flexibility, solution processability,
and low-cost manufacturing.ll Among the
PSC materials developed to date, fullerene
derivatives, such as phenyl-Cg;-butyric acid
methyl ester (PCBM), are the most exten-
sively used electron acceptors. However,
PCBM derivatives possess intrinsic disad-
vantages, including limited energy-level
tunability, poor light-absorption ability in
the visible and IR range, and poor endur-

donor for the fullerene-based solar cells due to its high light absorption,
whereas the highest power conversion efficiency of 6.81% is achieved for the
all-PSCs with P3, which has the most complementary light absorption with

P(NDI2HD-T2).
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ance against thermal, photo, and mechan-
ical stresses. To overcome the issues
associated with fullerenes, polymer accep-
tors have recently emerged to pair with pol-
ymer donors to produce all-polymer solar
cells (all-PSCs).’l However, the power con-
version efficiency (PCE) of all-PSCs remains inferior to that of
fullerene-based PSCs, mainly due to low electron mobility, inef-
ficient charge generation, and unoptimized morphological prop-
erties that result in low fill factor (FF) and short-circuit current
density (Jy) values. Surprisingly, while all-PSCs advantageously
allow independent tuning of the light absorption characteris-
tics of polymer donor and acceptor to maximize harvesting of
solar irradiation, this has not yet been fully harnessed to opti-
mize all-PSC performance. It is not trivial to develop polymer
donor and acceptor pairs with complementary light absorption
as well as desired morphological and electronic properties.*
Indeed, most of the high-performance all-PSCs reported to date
include polymer donor and acceptor components with exten-
sively overlapped light absorption spectra.?#<£85] For example,
all-PSCs based on one of the most extensively studied polymer
donor and acceptor pairs, poly[4,8-bis(5-(2-ethylhexyl)thiophen-
2-yl)benzo[1,2-b:4,5-b’|dithiophene-alt-3-fluorothieno[3,4-b]-
thiophene-2-carboxylate] (P(BDTT-alt-TT-F)), and naphthalene
diimide-based polymer acceptors (i.e., N2200 and poly{[N,N"-
bis(2-hexyldecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-
diyl]-alt-5,5"-(2,2"-bithiophene) } (P(NDI2HD-T2)), exhibited PCEs
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of 5-7%.3%%] However, despite extensive optimization of device
fabrication conditions, the J, and PCE values of this system
have not increased, likely due to the largely overlapped light
absorption of P(BDTT-alt+-TT-F) and naphthalene-diimide-based
polymer acceptors in the wavelength range of 500-800 nm. 3¢l
Herein, we report the synthesis, properties, and PSC per-
formance of a series of random copolymers with different
compositions of the electron-rich unit (D), 2-ethylhexylthienyl
substituted benzo[1,2-b:4,5-b’]dithiophene (BDTT), and the
electron-deficient unit (A), fluorinated thieno[3,4-b]thiophene
(T'T-F). By controlling the molar ratio between D and A, from 1:1
(P1), to 3:1 (P2), 5:1 (P3), and 7:1 (P4), the optical and electro-
chemical properties of these polymers were modulated, with the
structural and morphological properties largely unchanged.”!
All-PSCs have been fabricated from blends of these D-A
random copolymers and P(NDI2HD-T2) acceptors, and a PCE
of 6.81% was achieved for devices containing P3:P(NDI2HD-
T2) blend active layers, attributed to the complementary absorp-
tion properties of the polymer donor and acceptor pairs. This
device outperformed all other all-PSCs in this study, including
the control P(BDTT-alt-TT-F) (P1):P(NDI2HD-T2) device
(PCE =5.74%). The importance of complementary light absorp-
tion for highly efficient all-PSCs was also shown by comparing
to analogous devices with PCBM acceptors (PCBM-PSCs).
Due to the narrow range of light absorption by PCBM,® the
performance of PCBM-PSCs was limited by light absorption

(a)

Donor: D-A copolymers
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of polymer donors and the P1 polymer was found to be the
optimal polymer donor for the PCBM-PSCs due to the lowest
band gap of P1 among the polymer donors.

2. Results and Discussion

A series of P(BDTT-r -TT-F) random copolymers with BDTT to
TT-F ratios of 3:1 (P2), 5:1 (P3), and 7:1 (P4) was synthesized by
Stille coupling in a mixture of toluene and N,N-dimethylforma-
mide with Pd(PPh;), as the catalyst. The alternating copolymer,
P(BDTT-alt-TT-F) with 1:1 BDTT:TT-F (P1) was also prepared as
a reference due to its excellent performance in PSCs and high
compatibility with the P(NDI2HD-T2) acceptor.’) Figure 1a
shows the molecular structures of the D-A random copolymers,
as well as polymer acceptor P(NDI2HD-T2). In these polymer
donors, the BDTT unit provides a planar polymer backbone
with low steric hindrance between adjacent branched side
chains, while the fluorine-containing TT-F unit was selected
due to the ability of fluorine to effectively decreases the highest
occupied molecular orbital (HOMO) level.l'¥] Varying the ratio
of D to A units was anticipated to allow fine-tuning of the
optical and electrochemical properties.!!! The synthetic routes
yielding P1-P4 are shown in Figure S1 in the Supporting Infor-
mation. The number average molecular weight (M,) and dis-
persity (D) of the synthesized polymers were measured by size

Acceptor: P(NDI2HD-T2)
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Figure 1. a) Chemical structures, b) energy level diagram, and c) normalized absorption of P(BDTT-alt-TT-F) alternating copolymer (P1), P(BDTT-r-TT-F)

random copolymers (P2, P3, and P4), and P(NDI2HD-T2) polymer.
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Table 1. Characteristics of the polymer donors and acceptors in this study.

www.afm-journal.de

Polymer Feed ratio Actual ratio® M,b) Bb) A Eort) HOMO LUMO
[kg mol] [My/M,] [nm] [eV] [eV] [eV]
P1 11 1.00:1.00 22.2 2.5 703 1.58 -5.249 -3.66°
P2 3 3.06:1.00 16.4 2.6 615 1.67 -5.349 -3.67°)
P3 5:1 5.15:1.00 32,0 3.7 551 1.76 -5.399 -3.63¢)
P4 7:1 7.14:1.00 27.4 3.1 548 1.79 -5.399 -3.60°)
P(NDI2HD-T2) - - 61.0 2.9 392 1.45 -5.809 -3.829

AMolar ratio of BDTT and TT-F units, as determined from 'H NMR spectroscopy; ®)Determined by SEC calibrated with polystyrene standards; 9Determined from the
absorption onset in the UV-vis spectra of thin films; 9YMeasured by cyclic voltammetry; 9LUMO = HOMO + EgoP*.

exclusion chromatography (SEC) in o-dichlorobenzene at 80 °C.
Table 1 summarizes the composition, molecular weight, and
electrochemical properties of the polymer donors. The ratios
between BDTT and TT-F in the polymers were determined by
!H NMR spectroscopy (Figure S2, Supporting Information),
which show good agreement with the feed ratios used in the
polymerizations. The electrochemical properties of P1-P4 poly-
mers were investigated using cyclic voltammetry. The HOMO
energy levels of P1-P4 were determined to be —5.24 eV (P1),
—-5.34 eV (P2), -5.39 eV (P3), and —5.39 eV (P4), showing that
the HOMO levels gradually decreased with increasing BDTT
content. The lower HOMO levels can lead to higher V, by pro-
ducing a larger gap between the lowest unoccupied molecular
orbital (LUMO) level of the polymer acceptor.'?l The LUMO
levels estimated from LUMO = HOMO + E,°*" (optical band
gap) were —3.66 eV (P1), -3.67 eV (P2), -3.63 eV (P3), and
—3.60 eV (P4), respectively. Considering the HOMO and LUMO
energy levels of P1-P4, all polymers have sufficient driving
force to enable efficient exciton dissociation at the donor—
acceptor interface.l®l

The optical properties of the polymer donors and polymer
acceptor in thin films are shown in Figure 1c. The E %P values
of films of P1-P4 were estimated to be 1.58, 1.67, 1.76, and
1.79 eV, respectively, based on the onset of light absorption
obtained from the UV-vis spectra. Hence, the absorption onset
for P1-P4 gradually blueshifted with increasing amounts of
the electron-rich BDTT unit™ Additionally, the maximum
absorption peaks (An.) values were significantly blueshifted
with increasing BDTT composition, from 703 (P1), 615 (P2),
551 (P3), and 548 nm (P4). Thus, it was evident that the colors
of the polymer donor pristine films varied from the blue color
of the P1 films to purple in P4 films (Figure S3, Supporting
Information). P1-P4 polymers showed two main absorption
peaks in the visible range, attributed to intramolecular charge
transfer and aggregation.') The absorption coefficients of the
pristine P1-P4 polymer films are given in Figure S3 in the Sup-
porting Information. The maximum absorption coefficients
of all of the polymers exceeded 6.7 x 10* cm™!, with values of
8.9 x 10* cm™ for P1, 6.7 x 10* cm™! for P2, 7.2 x 10* cm™! for
P3, and 7.2 x 10* cm™! for P4 films. The alternating copolymer
P1 had a higher absorption coefficient than the random copoly-
mers P2-P4, due to stronger intermolecular interaction of P1
owing to the regular monomer sequence.l' In comparison,
the P(NDI2HD-T2) absorption spectra contained two absorp-
tion bands, at 300-450 and 600-800 nm and yielded the highest
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maximum light absorption coefficient of 5.8 x 10* cm™.16¢f]

Therefore, we anticipated polymer donors that absorb strongly
between 450 and 650 nm so as to complement the light absorp-
tion of the polymer acceptor in the visible range would exhibit
favorable solar cell performance.

To investigate the effect of tuning the light absorption
window of the polymer donors on photocurrent genera-
tion in all-PSCs, four different polymer donors (P1-P4) were
blended with the P(NDI2HD-T2) acceptor to fabricate all-
PSCs. Figure 2a presents the current density—voltage (J-V)
characteristics measured under AM 1.5G illumination at
100 mW cm™2. The detailed device fabrication and characteri-
zation for all-PSCs are described in the Experimental Section
and the photovoltaic parameters are summarized in Table 2.
The average PCE was found to increase from 5.63% for the
P1-based all-PSC to 6.63% for the P3-based all-PSC. The most
efficient P3:P(NDI2HD-T2) device exhibited a PCE close
to 7% (6.81%), with a V. of 0.89 V, a [, of 14.98 mA cm™,
and an FF of 0.51, significantly outperforming the previously
reported results from all-PSCs composed of P1 as the polymer
donor and P(NDI2HD-T2) as the acceptor.’>] The V,. values
increased with BDTT incorporation, from 0.82 for P1-based,
0.87 for P2-based, and to 0.89 for P3-based and P4-based
devices, mainly attributed to the decreased HOMO levels with
the number of donor units in the polymer backbone. Impor-
tantly, the J, value (14.40 mA cm™2) of P3:P(NDI2HD-T2)
device exceeded those of the P1-based, P2-based, and P4-based
devices (13.25, 13.40, and 12.96 mA cm2, respectively). The
highest [, value realized in the P3:P(NDI2HD-T2) device is
attributed to complementary light absorption between P3 and
P(NDI2HD-T2) that maximized light absorption across the
solar spectrum. The |, value of P4:P(NDI2HD-T2) device was
lower than that of P3:P(NDI2HD-T2), due to the lower absorp-
tion of P4 particularly in the range between 550 and 750 nm.
The external quantum efficiency (EQE) spectra in Figure 2b
clearly show how the complementary light absorption of the
donor and acceptor components maximizes light absorption
in the visible range, as in P3:P(NDI2HD-T2) mixtures, which
affects photocurrent generation.

To further demonstrate the importance of complementary
light absorption by the polymer acceptor and donor on device
performance, we fabricated and characterized PCBM-PSCs
with the four polymer donors (P1-P4). While the PCBM-PSC
devices exhibit higher efficiency when phenyl-C,;-butyric acid
methyl ester (PC;;BM) is used,'® we applied PCBM in order
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Figure 2. a) Current—voltage (J-V) curves and b) external quantum efficiency (EQE) characteristics of the P1-P4:P(NDI2HD-T2) all-PSCs; c) J-V curves

and d) EQE characteristics of the P1-P4:PCBM-PSCs.

to elucidate the effect of light absorption by the acceptor. In
contrast to the trends in all-PSC system, the PCE was signifi-
cantly decreased when the D:A ratio of the polymer donor was
increased, from 6.47% for P1:PCBM to 4.66% for P4:PCBM.
These decreased PCEs were mainly attributed to the decreased
Js values from 13.76 for P1:PCBM to 10.06 mA cm™? for
P4:PCBM, which were supported by the EQE spectra in
Figure 2d. Unlike P(NDI2HD-T2), which exhibits strong light
absorption in visible range, PCBM has very weak absorption in
the visible region.['%l As a result, the light absorption of polymer-
PCBM blends is mainly dictated by that of the polymer donor.
Therefore, it is not surprising to see that P1, having lowest band
gap and strongest overlap with the solar spectrum, afforded the
best device performance. These experiments revealed different

Table 2. Photovoltaic properties of all-PSCs and PCBM-PSCs.

trends in the J. values of all-PSCs and PCBM-PSCs as a func-
tion of polymer donor composition and demonstrated the ben-
efit of employing polymer acceptor components that strongly
absorb light in the visible range.

We next investigated the morphological properties of the BH]
blends using grazing-incidence X-ray scattering (GIXS) and
atomic force microscopy (AFM), to ensure morphology indeed
playing a minimum role in achieving the distinct device perfor-
mance. In the films, all of the D-A random copolymers showed
the preferential “face-on” orientation of the polymer crystalline
structures, as evidenced by strong 77 (010) stacking in the out-
of-plane direction. Figure S4 and Table S1 in the Supporting
Information show similar (d;q) lamellar spacing (=23.1 A) and
-7 stacking spacing (dy;o) (=4.1 A) for P1, P2, P3, and P4 films,

Active layer Vee Jsc FF PCEavga) (PCE na) Calculated Jg, Gmax
M [mAcm™] [%] [mA cm™] [m™s7]
All-PSCs P1:P(NDI2HD-T2) 0.82 13.25 0.52 5.63(5.74) 13.17 10.18 x 10?7
P2:P(NDI2HD-T2) 0.87 13.40 0.54 6.30(6.53) 13.32 10.25 x 1027
P3:P(NDI2HD-T2) 0.89 14.40 0.52 6.63(6.81) 14.35 11.27 x 1027
P4:P(NDI2HD-T2) 0.89 12.96 0.48 5.54(5.69) 12.79 9.73 x 10%
PCBM-PSCs P1:PCBM 0.81 13.76 0.58 6.47 (6.57) 13.63 8.96 x 107
P2:PCBM 0.88 11.43 0.56 5.63 (5.65) 11.32 7.87 x 107
P3:PCBM 0.88 11.13 0.57 5.58 (5.75) 10.96 7.30 x 107
P4:PCBM 0.89 10.06 0.52 4.66 (4.81) 9.94 6.40 x 102
AThe average PCEs were obtained from at least ten different devices for each system.
Adv. Funct. Mater. 2017, 1703070 1703070 (4 of 8) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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which agree well with the previously reported values for P1
films.[®"17] The dq,, spacing of P1 (=4.0 A) was slightly smaller
than the other polymers, attributed to the regular D-A sequence
in the P1 polymer that produces a tighter packing structure.
GIXS of the polymers in the blend films of donor and acceptor
polymers showed a similar trend (Figure S5 and Table S2, Sup-
porting Information). The AFM images in Figure S6 in the
Supporting Information revealed similar smooth surfaces for
all blended films, with low root-mean-square roughness values,
ranging from 1.3 to 1.5 nm. The hole and electron mobilities
of the P1-P4 neat films and P1-P4:P(NDI2HD-T2) blend films
were measured by employing the space charge limited current
method (Table S3, Supporting Information).'®! The hole mobil-
ities of the neat polymers (P1-P4) exhibited comparable values
on the order of 107 cm? V! s71. The all-PSCs fabricated with
different polymer donors also showed comparable electron and
hole mobilities on the order of 10~ cm? V! s7\. Considering
all of the combined morphological and electrical results above,
the compositional changes in the polymer donors had marginal
influence on the structural and morphological properties of the
devices, thus making our system ideal for studying the effects
of light absorption of the active layer components on device
performance.

To gain deeper insight into the relationship between light
absorption and photocurrent generation in the devices, the
maximum exciton generation rate (Gp,,) of the devices was
calculated by plotting the photocurrent density (Jp,) as a func-
tion of effective voltage (V.g) (Figure 3). G, depends on
the maximum number of absorbed photons.'”) Assuming
that all of the photogenerated excitons are dissociated to
free charges and then collected by the electrode at high elec-
tric field, the J, values became saturated at g at a suffi-
ciently high Vg Thus, G, of the device can be calculated
using the equation, [ = g X Gpa X L, where ¢ is the elec-
tronic charge and L is the thickness of the active layer in the
device.’) The G, values of all of the devices fabricated with
optimized conditions are summarized in Table 2. Among
the all-PSCs, the P3:P(NDI2HD-T2) device was calculated to
have the highest G, value of 11.27 x 107 m~ s}, while the
P1:P(NDI2HD-T2), P2:P(NDI2HD-T2), and P4:P(NDI2HD-
T2) devices yielded lower G, values of 10.18 x 10%,
10.25 x 10%, and 9.73 x 10 m™ s7!, respectively. For the
PCBM-PSCs, the Pl-based device exhibited the highest G,
value of 8.96 x 10 m= s7l. As D:A ratio increased in the

www.afm-journal.de

copolymer donors, the G, value decreased gradually to
6.40 x 10¥ m~3 57! (P4:PCBM device). Different trends between
the G, values of the all-PSCs and PCBM-PSCs with respect to
the D:A ratio in the donor polymer are attributed to the differ-
ence in light absorption of the polymer and fullerene acceptors
for exciton generation.Pl?1%] These findings further suggest
that the changes in the [y values of the devices result mainly
from the difference in the number of the absorbed photons in
each of the different active layer blends (Figure S7, Supporting
Information).

To understand the photocurrent contributions from the
donor copolymers (Pp) and acceptors, P(NDI2ZHD-T2) (P,) and
PCBM, in the active layers, we estimated the compositional EQE
contributions of four active layer blends, (P1:P(NDI2HD-T2),
P3:P(NDI2HD-T2), P1:PCBM, and P3:PCBM) (Figure 4),
from the fractional contributions of donor (Cp) and acceptor
(Ca) absorbance to the total absorbance of the blend as shown
in Figure S9 and Table S4 in the Supporting Information.[°"!
It should be noted that a larger contribution from Pp was
found in all-PSCs compared to that of the corresponding
PCBM-PSC films. The Pp:acceptor blend ratio yielding the
highest PCEs in all-PSCs and PCBM-PSCs were 1.5:1 (w/w)
and 1:1.5 (w/w), respectively. The partial EQEs of the donor
and acceptor components were obtained from the fractional
absorbance, assuming similar internal quantum efficiencies
among materials. The partial photocurrent contributions of
the Pps and acceptors in the devices were then determined by
integrating the partial EQEs multiplied by the AM 1.5G spec-
trum (Table 3). The photocurrent contribution from the P3
donor in the P3:P(NDI2HD-T2) device was estimated to be
10.49 mA cm™2, which is 13% higher than that of the P1 donor
in the P1:P(NDI2HD-T2) device (9.29 mA cm™?), despite the
lower maximum absorption coefficient of P3 compared to that
of P1. This can be explained by the substantially greater absorp-
tion of P3 compared to P1 between 450 and 600 nm, where
the absorption of P(NDI2HD-T2) is weak, such that the overall
absorption spectrum of the P3:P(NDI2HD-T2) blend better
matches that of the solar spectrum. In contrast, in PCBM-PSCs,
when P1 was replaced by P3, the photocurrent contributions of
both Pp and PCBM in the devices decreased. The photocur-
rent contributions of Pp and PCBM in the P3:PCBM device
were calculated to be 8.14 and 2.82 mA cm™, respectively,
corresponding to 17% and 26% decreases, respectively, rela-
tive to those in the P1:PCBM device. PCBM absorption mainly

(a) (b)
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Figure 3. Photocurrent analysis of a) all-PSCs and b) PCBM-PSCs.

Adv. Funct. Mater. 2017, 1703070

1703070 (5 of 8)

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED

SCIENCE NEWS

www.advancedsciencenews.com

www.afm-journal.de

(a) - measured EQE ( b) - measureq EQE
704 —9—P1:P(NDI2HD-T2) 70 - P3~P(ND!2HD-TZ
calculated partial EQE E calculated partial EQE
60{ —o—P1 60 s TP
—a— P(NDI2HD-T2) w—@— P(NDI2HD-T2)
w w
[«]
8 30 w
400 500 600 700 900 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)
(€) & (d)g
measured EQE measured EQE
—a—P1:PCBM —o—P3:PCBM
calculated partial EQE calculated partial EQE
" ——P3
—o—PCBM —o—PCBM
w w
<] <}
w w
400 500 600 700 800 900 500 600 700 800 900

Wavelength (nm)

Wavelength (nm)

Figure 4. Measured EQEs (black circles) and calculated partial EQEs of donor copolymers (Pp, red circles) and acceptors (P, or PCBM, blue circles)
of devices fabricated with different active-layer blends: a) P1:P(NDI2HD-T2), b) P3:P(NDI2HD-T2), c) P1:PCBM, and d) P3:PCBM.

occurs in the UV range, which increasingly overlaps with the
blueshifted donor P3. These results highlight the importance
of the design of proper Pp/P, pairs to exhibit complementary
light absorption in order to boost J,. and PCEs in all-PSCs.?!

3. Conclusion

In summary, we have established synthetic control of light
absorption properties for a class of D-A type random copoly-
mers containing different ratios of electron donating BDTT
and electron accepting TT-F units and demonstrated the
importance of complementary light absorption for producing
high-performance all-PSCs. As the D:A ratio was increased
from 1:1 to 7:1, the maximum absorption peak of the polymer
donors was gradually blueshifted from 703 to 548 nm, which
enhanced light absorption of their blends with P(NDI2HD-T2).
As a result of improved absorption of the blends over the solar

Table 3. Calculated Ji. contributions from absorption of donors and
acceptors in P1:P(NDI2HD-T2), P3:P(NDI2HD-T2), P1:PCBM, and
P3:PCBM devices.

Active layer Calculated Js. (Pp) Calculated Jy. (Pp or PCBM)
[mA cm™2] [mA cm™2]

P1:P(NDI2HD-T2) 9.29 3.88

P3:P(NDI2HD-T2) 10.49 3.86

P1:PCBM 9.80 3.83

P3:PCBM 8.14 2.82
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spectrum, [, values were significantly enhanced for the all-
PSCs, from 13.25 mA cm™ for the P1:P(NDI2HD-T2) device to
14.40 mA cm™ for the P3:P(NDI2HD-T2) device that exhibited
a high PCE of 6.81%. In contrast to the all-PSC systems, the
PCBM-PSC systems exhibited significantly decreased PCE and
Jsc values as the D:A ratio of polymer donor increased (P1-P4).
Our all-PSCs based on D-A random copolymer donors pro-
vided an excellent model system to systematically examine
the effect of light absorption of polymers on the device per-
formance without significantly changing the structural and
morphological properties. Further, this work emphasizes the
advantage of all-PSCs over their polymer-fullerene counter-
parts, in that the light absorption of both polymer donor and
polymer acceptor components can be tuned simultaneously to
achieve complementary light absorption to realize higher J,.
values, and by extension, overall device efficiencies.

4. Experimental Section

Materials and characterization methods are described in the Supporting
Information.

Fabrication of All-PSCs: Inverted type all-PSC devices were fabricated
with the structure of indium tin oxide (ITO)/ZnO/active layer
(Pp:P(NDI2HD-T2))/MoO;/Ag. The patterned ITO glass was cleaned
sequentially with acetone, deionized water, and isopropyl alcohol in an
ultrasonic bath for 20 min each. After drying the substrates at 80 °C for
2 h, the ITO substrates were treated in a UV-ozone chamber for 10 min.
The fabrication method for each layer is described below. To form the
ZnO layer, a ZnO solution was prepared using a sol-gel method, wherein
zinc acetate dihydrate (1 g) and ethanolamine (0.28 g) were dissolved
in anhydrous 2-methoxy ethanol (10 mL) under vigorous stirring for

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

more than 24 h. The ZnO thin layer (40 nm) was prepared by spin
coating the ZnO solution at 4000 rpm for 40 s, followed by annealing
at 200 °C for 15 min in air, and then the devices were moved to a glove
box filled with nitrogen gas. Then, a polymer solution in chloroform
(CF) (total concentration of 9 mg mL™") containing Pp:P(NDI2HD-T2)
blends with 1,8-diiodooctane (DIO) additive (0.5 vol%) was passed
through a 0.2 um poly(tetrafluoroethylene) (PTFE) filter, spin coated
on the ZnO layer to produce the active layer. The blend ratio of Pp:Py
(w/w) and active layer thickness were optimized at 1.5:1 and =90 nm,
respectively. Finally, the CF and DIO were removed under high vacuum
(=107® Torr) after 1 h in the glove box. The MoO; (10 nm) and Ag
(120 nm) layers were deposited sequentially onto the active layer via
thermal evaporation at about 1 x 107 Torr. Using the shadow produced
four separated cells on each substrate, devices with an active area of
0.09 cm? were produced, as measured by optical microscopy.

Fabrication of PCBM-PSCs: The normal type PCBM-PSC devices were
fabricated with the structure of ITO/poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS)/active layer (Pp:PCgBM)/LiF/Al
ITO substrates were prepared similarly as for all-PSCs. The PEDOT:PSS
(PH500) layer (30 nm) was spin coated onto the ITO substrate at
3000 rpm for 40 s and heated at 150 °C for 20 min in air. The devices
were then transferred to N, filled glove box. Polymer solution in
chlorobenzene (total concentration of 30 mg mL™") containing a blend
of Pp and PCBM with DIO additive (5 vol%) was passed through a
0.2 um PTFE filter, spin coated on the PEDOT:PSS layer to produce
the active layer. The blend ratio of Pp:PCBM (w/w) and active layer
thickness were optimized at 1:1.5 and =110 nm, respectively. Finally,
thin layers of LiF (0.8 nm) and Al (100 nm) were deposited.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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